Abstract: Measurements of field emission current-voltage and Fowler-Nordheim characteristics of Si tips covered by 100 nm-thick Ca& epitaxial layers have been for the first time performed. It was found that in spite of dielectric nature of the coating, the tips demonstrate high emissivity comparable with the diamond coated tips. Results of high resolution photoassisted field emission investigations of C W S i structures are presented.
INTRODUCTION
Interest to emission properties of wide band gap materials was initiated by studies of electron emission from diamond, where low-field emission [I] and good emission current stability [2] have been reported. Lately it was also shown that diamond coating can materially improve the characteristics of single sharp emitters and microfabricated field emitter arrays [2-41 (these are arrays of microscopic conductive or semiconductive ultrasharp tips which are regarded as very perspective devices for using as cold electron sources for electronic devices, for instance in field emission displays.)
Favorite cold emission properties of diamond may be related to its negative electron afinity (NEA) [S] . To prove this (and probably to find even more efficient coatings) it is necessary to investigate cold field emission properties of other NEA materials as it was started recently by BN and AIN deposited on Si or Mo tips investigations [6] . However, a number of potential NEA materials still are beyond of attention; these are ionic alkali halide crystals. In 1991 NEB of -2.7 eV have been reported for LiF crystal [7] . Another promising material is CaF2, which has not only NEA [8] but also anomalously large low-energy electron escape depth [9] .
In this work experimental emission data on silicon tips, coated by epitaxial CaF2 film are reported. It is shown, that emissivity of CaFdSi tips is comparable to this of diamond coated silicon tips and thus CaFz does look like a very promising coating material.
Another goal of the work was the investigation of CaF2 coating using earlier developed laser resonance photoelectron projection microscopy technique which enabled us recently to observe single F2 color centers on LiF crystal tip surface [lo] . With such purpose we prepared CaFz doped with bivalent samarium ions in a concentration of 0.02 -0.04 mol. % coatings and studied their emissive properties under the irradiation of cw Ar ion laser light. (Earlier it was shown that bulk ~a F z :~m~' crystals exhibit laser selective external photoelectric effect when irradiated by visible light [I 11, so one can hope to observe single smZ' ions in this way).
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Relatively small sm2' ions photoionization cross-section and large photoelectron escape depth from CaF2 prevent an observation of single sm2+ dopant ions, but a number of interesting photoassisted field emission effects were observed for CaFJSi tips which are also presented here.
PROPERTIES OF CaF2
Some properties of CaF2 are given in the table 1 [8, 9, 12] . CaFz is an ionic dielectric material with band gap of 12.1 eV. According to photoemission data [9] , NEA of CaF, at certain conditions may be expected. A very attractive property of calcium fluoride is similarity of its crystal structure to silicon: CaF2 has Fm3m cubic structure with only 0.6 % of lattice mismatch with silicon at room temperature. This enables to grow perfect single crystal films of CaF2 in silicon. In our case this is an important feature for interpretation of field emission data, since CaF2/Si interface may be described rather accurately and the problem of grain boundaries and other "polycrystalline" effects may be neglected at least by first-order consideration. An additional attractive property of calcium fluoride is anomalously large low-energy electron escape depth of the order of 260 nm [9] that may be very useful to obtain good emissive properties of the coatings. Barrier height between the conductive band minimum of pure Si and the conductive band minimum of CaF2 is about 2.2 eV [13] .
Crystal point group
Cubic,
3. EXPERIMENTAL
Preparation of the tips
High conductivity n-type single crystal Si whiskers were grown on one end of a Si rod with dimensions of 1 x 1 x 10 mm. The growth end of the rod was polished and etched in an HF-HN03 solution. The dimensions of the face after pre-growth preparation were approximately 0.5x0.5 mm. As-grown whiskers were first sharpened by means of wet etching. Next, repeated thermal oxidation with HF etching for oxide removal was performed. Prepared tips were 100 pm in height, and had a radius of curvature of less than 25 nrn. 3.3. Measurements of field emission properties of the tips.
The field emission characteristics of single-tip emitters were studied in an ion-pumped system at a pressure of lo-' Tom. The tip-to-anode distance was about 100 pm (this is so-called "device mode" of measurements, which is typical for the single tip and tip array emission studies [2 -41 since measurements geometry is close to the geometry of sealed vacuum microelectronics devices).
3.4.
Photo assisted field emission microscopy.
Photoassisted field emission of the tips was studied in another system at a pressure of 3.10-' Ton: The needle under study was irradiated with a CW argon laser, the radiation being focused onto the tip of the needle. The laser radiation intensity at the tip was typically in the range lo3-lo4 w/cm2. The electrons emitted from the surface of the tip were registered by microchannel-plate-fluorescence-screen assembly placed at a distance of R G 10 cm from the tip. The optical image formed at the exit from the assembly was picked up by a TV camera operated in conjunction with a Model Argus-50 image processing computer system (Hamamatsu Photonics K. K., Japan). The diameter of the active region of the MCP is 32 mm, so only a part of the tip (= rl2xr12 area) can be imaged. Detailed description of this experimental system (which we named laser photoelectron projection microscope) can be found in [lo].
RESULTS AND DISCUSSION
In Fig. 2 (a) and @) current-voltage (I-V) and Fowler-Nordheim (F-N) plots of a CaFzISi tip are shown (thickness of CaF2 is 100 nm, sm2' dopant ions concentration 0.02 mol. % ). Si tips, coated with CaF2 demonstrated rather high emissivity: currents of few nA at 600 Volts and 1 pA at 950 Volts were achieved. This emission behavior was quite comparable to emission from Si or diamond coated Si tips [2-41. A not very large but still remarkable and reproducible hysteresis loop was observed in the I-V plot ( Fig.  2 (a) ). The fact that such an emissivity was observed fiom a tip covered by thick layer of dielectric (band gap of CaF2 is 12.1 eV and its conductivity is extremely small [12]) may be considered as an indirect confirmation of emission mechanism, proposed for diamond-coated field emitters [3, 161. This implies tunneling of electrons from a conductive "core" into conduction band of an insulator, electron transport to surface and escape into vacuum. Since not only diamond, but also other dielectric materials demonstrate good emissivity, this means that emission properties are not inherent to diamond as an "unique" material, but arise fiom some general properties of a dielectric material, such as band gap, dielectric constant, barrier height at the interface with conductive "core" etc. [16] . Under the irradiation of the CaF2:~mZ'/~i tips by argon ion laser light in the conditions of near the threshold 'tlark" field emission photoassisted field emission was clearly observed. To work near the threshold of 'tlark" field emission from the CaFdSi tips was very important for the photoassisted field emission observation. In the case of dark field emission current of the order of 0.1 nA or larger (i.e. far above threshold) practically no emission current increase due to the tip irradiation with the laser light intensity up to lo4 w/cm2 was observed. It is not surprising because Si emitters studied were fabricated out of high-conductivity n-type semiconductor where prominent photoassisted field emission unlike high resistivity p -type semiconductor can not be anticipated [17, 181. At the same time at the near the threshold conditions the difference between the photoassisted and dark emission currents became very prominent, of the several orders of magnitude. It can be seen, for instance, on Fig. 3a and 3b , where high resolution electron emission images of ~a F~:~m~' / s i tips observed in dark field emission and photoassisted field emission modes are presented. For comparison on Fig. 3c and 3d we presented high resolution dark field emission images of the same tip observed at the Iarger potential applied on it (or, in our terminology, far from the threshold). These images reveal that different or at least partly different small-size areas on ~a~2 : S m~' / S i tips are active in different emission modes.
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. (Note, that the tip -anode distance for photoassisted field emission experiment is very different with that of dark field emission measurements, so it is very difficult to compare directly emission data presented on Fig. 2 and Fig. 4 .) Such a strong dependence unambiguously indicates on the observation of exactly the photoassisted field emission rather than electron emission due to the laser photoionization of different impurities or defects in ~a~2 : S m~' coating, because in the latter case such dependence should be much more smooth as it took place, for instance, in L i : F 2 crystals laser photoelectron projection microscopy studying reported earlier [lo]. Photoassisted field emission current exhibits also a strong nonlinear dependence on the laser light intensity, but we were unable to measure it accurately because of limited dynamic range of the MCP-based detector system.
CONCLUSION
Epitaxial films of calcium fluoride on silicon tips were for the first time characterized by field emission technique. Emissivity of CaFJSi tips was found to be comparable to emissivity of diamond coated silicon tips which proves the perspectives of using this coating in different electron emission devices. The possibility to introduce easily during the molecular beam epitaxy process different impurity dopant ions with their concentration of up to some moh % into C a b coating also can be usefhl for cold emission application and studying of the details of the emission process. These dopant ions create additional subzones and defects in Ca& and thus probably can improve materially the emissive properties of the coating as it was shown for the diamond emitters [19, 201. To the conclusion we would like to emphasis that in addition to device application, field-and photoassisted field emission studies should be regarded as a unique experimental method to provide hndamental data about structural and electronic properties of the wide band gap materials. Deposition of a thin layer of an investigated material on a sharp conductive tip along with the possible photoconductivity of this layer in intense laser field would eliminate the problem of poor conductivity of the sample that is arising in the case of bulk dielectric samples and strongly hinder the investigation of their electronic properties. Experiments performed indicate that laser resonance photoelectron projection microscopy of the emissive tips covered by dielectric layers can be used to.visualize and characterize defects in these layers and impurities which seems very important for the subsequent progress in the field.
